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NOMENCLATURE 

A area of feed inlet 
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^50c particle having corrected efficiency of 50 percen 

E (d) actual efficiency of size d 

3 . 

E_(d) corrected efficiency of size d 
c 

Er reduced efficiency 

F feed flow rate of the pumps 

f prefix for feed stream 

h depth below the surface 

and Kg constants 

0/F overflow 

P feed pressure 

PW percent water in feed pulp 

Q throughput of the cyclone 

R^ percent feed water to underflow 

t time 

u prefix for feed stream 



U/F underflow 

WF water rate in feed stream 

WOF water rate in overflow stream 
Wg mass flow rates of solids 

_ „ constants 

a constant 

-53 1^ particles of size-53 microns 
fg specific gravity of solid 

specific gravity of liquid 
T) viscosity of the fluid 
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ABSTRA CT 

Performance characteristics of a 3*' 
compound water cyclone having different vortex finders of 
11.10 mm, 12,90 mm and 19.32 mm diameters and spigots of 
11.54 mm, 12.10 mm and 12.8 mm diameters were studied using 
three different materials, namely, calcite, silica and 
coal. A slurry of constant pulp density was introduced at 
a constant flow rate and the overflow and underflow were 
corrected at regular intervals of time. These samples were 
then analysed for solid and water weights in overflow as 
well as in underflow. The size analysis of collected solids 
was made using Andreasen Pipette. The throughput of the 
compound water cyclone was found to be a function of vortex 
finder, spigot and materials. Following relationship was 
found to be applicable 

Distribution of water in overflow and feed agreed well with 
the following equation 

WOF = Xj^log W+Orj 

In this equation is independent of vortex finder and 
spigot diameters but varies with nature of material used whereas 
the constant Oj depends on spigot diameter and material. The 
actual, corrected and reduced efficiency curves for compound 
water cyclone were found to be of sane nature as for. a hydro- 
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IFTRODUCTIOF 

A cyclone is gi piece of equipment, which 
utilises the fluid pressure energy to create rotational 
fluid motion, and causes i the centrifugal separation of 
materials contained in the liquid fed to it. It consists 
of a cylindrical top part .joined to a conical bottom with 
a cone angle of about 20°, It has two outlets, namely, 
overflow outlet (vortex finder) and underflow outlet (spigot) 
provided at the top and bottom of the unit, respectively. 

The feed in the jform of pulp is introduced 
under pressure tangentiallyl through a feed inlet positioned 
at the cylindrical top of th? cyclone where it is subjected 

to the influence of dual spir^al flow pattern as shown in 

1 

the Fig, 1.1. This results in separation in the cone of the 

i 

cyclone by the action of centirafigual and centripetal 
forces. The coarse and heavier particles selectively enter 
the outer spiral and then get ‘.discharged through the spigot 
while the lighter and finer particles, together with the 
major portion of the feed media enter the inner spiral and 
get discharged through the vortex finder. 

A cyclone is called ;’Hydrocyclone ' when water 
is the fluid medium. The hydrabyclone can be categorised 
as: (i) Classifier, (ii) Washer, (iii) Thickener and (iv) 
liquid-liquid separator depending on the task it is supposed 
to perform. 
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1.1 Ovclone as a Classifier 

A cyclone which separates solid from solid 
according to size is referred to as a classifier. The 
required duty in this case is to maximise removal of sus- 
pended solids which are above a given size and minimise 
removal of those below this size. 

1. 2 Cyclone as a Washer 

A cyclone carrying out separation according 
to density is .usually referred to as a ’Washer*. In this 
case the separation of materials of different specific 
gravity is achieved in a suspension of mediTm of inter- 
mediate specific gravity and the use of cyclone results in 
sink-float separation. 

1. 3 Cyclone as a Thickener 

A hydrocyclone which is used for separating 
solid from liquid is known as a Cyclone thickener, and is 
designed for maximum removal of suspended solid from 
liquid. The cyclone is most usefullyapplied to the separation 
of particles in the 5 to 200 p size range. 

1. 4 Liquid-liquid Senarator 

This is more recent application of the 
hydrocyclone. The separation of immiscible liquids in the 
cyclone is equally as feasible as the separation of solids 
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from liquids. It is inevitably, hoxrcver, more difficulti 
The reasons are that density differences are generally 
smaller and the existence of shear can cause the break-up 
rather than coalescence of droplets of the dispersed phases 

1*5 Cyclone Washers 

The application of washers (water cyclone) 
dates back approximately ten years, following its develop- 
ment at the Dutch State of Mines^^^ It differs from the' 
classifiers in the sense that here in this the medium of 
separation used has the density in between the density of 
two solids, for example, to separate coal (Sp. G-r. 1.4) 
from Shale (Sp.Gr.1.7) a medium of specific gravity 1.5 is 
found to be quite effective. Another feature of this 
cyclone is its ability to carry out specific gravity 
separations merely by suspending material with fines content 
in water. The fines recirculate and build up to give the 
required mediiim within the cyclone. 

1 • 6 Working Principle 

The material is fed to the cyclone alongwith 
suspension. Due to the thickening effect of the cyclone a 
working bed is formed in which the suspension particles 
are kept in equilibrium between the centrifugal forces and 
dragging forces of water current. Particles lighter than 
the effective specific gravity of the established washing 
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bed are swept away towards the outlet opening (vortex 
finder) and the heavier particles than the specific gravity 
of the washing bed, leave the cyclone at the apex. In 
another words the lighter particles form a block whereas 
the heavier particles, due to their higher density, readily 
migrate through the bed. 

The performance of cyclone is mainly affected 

by spigot dia. vortex finder dia. , cone angle, cyclone dia. 

etc. So while designing a cyclone washer these factors must ^ 

( ? ) 

be taken into consideration. Staas found that the float 
product yield and specific gravity of separation increased 
with increase in overflow diameter. Whilst they both 
decreased with decrease in spigot diameter or underflow 
diameter. It was also found that the wide cone angles 
are most beneficial for building up a stable suspension 
by recirculation and thus giving separation at higher specific 
gravity than that of suspending medium present in the feed. 

Study of the separating mechanism^ has 
indicated that the water cyclone when used as a single unit, 
is inadequate for practical cleaning because it either 
produces a clean coal and a poor refuse or vice versa (in 
case of coal cleaning). The use of water cyclones in series 
alongwith the number of pumps and mixing tanks has not been 
found to be economical. This, therefore, led to the 
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development of a new type of washer known as compound 
water cyclone. 

The compound water cyclone is a washer 
having compound bottom (Fig. 1.2). It differs from washer 
cyclone in the sense that in the case of compound water 
cyclone the bottom is having different angles whereas in 
the case of washer the bottom is not compound but simply 
conical (with wide angle of cone). The compound bottom 
of the cyclone results in better and faster cleaning. 

1.7 Separation mechanism in compound water Cyclone^ 

A cross sectional view of the compound water 
cyclone is presented in Fig, 1. 2 to illustrate the separation 
of raw coal specially. Particles of different sizes and 
specific gravity form a hindered settling bed in Section I 
of the compound cone, light coarse particles are prevented 
from penetrating the lower starta of this bed by the coarse 
heavy fractions (middlings and refuse) and by the fine 
particles filling the interstices of the bed. Consequently, 
the water passing from the periphery of the cyclone chamber 
toward its main outlet (the 'V.F.) erodes the top of the 
stratified bed and substantially removes the light coarse 
particles via the '•Central C\irrent ' ' around the air core 
(vortex). 
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The remainder of the bed is forced into 
second conical section (II) by new feed entering the cyclone, 
substantially without losing its stratified character. 

Here, the central current is much stronger and erodes the 
top of the bed where the middlings are now exposed. The 
light middlings are swept up and discharged via the vortex 
finder. The heavy middlings that spiral upward in the 
central current may by pass the orifice of the vortex 
finder owing to their higher specific gravity. Consequently, 
the coarse heavy middlings fractions tend to recirculate 
to the stratified bed and finally enters the third conical 
section. ^ 

In this last section (III) the bed is finally 
destroyed as coarse particles fan out along the cyclone wall 
in a single layer, exposing the small particles that so far ! 
have been protected from being washed out. The central current [ 

■ I 

in section III is relatively weak, as it has nearly spent | 

itself in the previous section. The upward current that [ 

remains, separates the small particles from the ren^nder j 

of the material, with preference for those of low specific | 

gravity. Thus, the fine light particles are finally I 

discharged through the vortex finder by a process of elu- 
triation. The refuse, fine as well as coarse, is divided cl is charg< 
through the apex. The separation thus takes place in 
three steps, as summarised in a diagrammatic model Fig.1.2. 
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The choice of compound water cyclone is 
fotind to be dependent on the type and top size of the 
material to be washed out. The other important operating 
variables are: (i) vertical clearance between the lower 
orifice edge of the vortex finder and the compound cone, 

(ii) the vortex (air) diameter, (iii) the apex diameter, 

(iv) the concentration of solids, and (v) the inlet 
pressure etc. Although some literature is available on 
compound water cyclones, the data for its design (similar 
to that available for classifier cyclone) is lacking. It 
is possible that some of the design criterias available 
for classifier hydrocyclones may also be applicable as 
it is or in modified form for compound water washers. But 
before applying them in practice their validity for compound 
washers must be thoroughly examined. In the present 
investigation an attempt has been made in this direction. 

The performance characteristics of laboratory size compound 
water cyclone has been studied with an ultimate objective 
to derive some scale up equations for the design of 
compound water cyclone. 
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CHAPTER 2 
LITERATURE REVIEW 

As the objective of present investigation 
is to study the performance characteristics of laboratory 
size compound water cyclone on the lines similar to those 
for classifier cyclones, an attempt has been made in this 
chapter to review the literature on performance characteri- 
stics of classifier cyclone. Eor convenience the perfor- 
mance characteristics have been discussed under these sub- 
headings, (l) capacity of hydrocyclone, (2) water distribution, 
and ( 3 ) efficiency of hydrocyclone. 

2 • 1 Oanacitles of Hydro eye lone 

One of the most widely studied perfornance 
of cyclones has been their capacities. It has been generally 
observed that variables like the cyclone inlet, vortex finder 
dimensions and the operating pressures affect the capacity 

( K ) 

of a cyclone, Dahlstrom found experimentally that 

= K^( L^. (2.1) 

where Q is the throughput in gal. /min., is the vortex 
finder diameter in inches, \ is the inlet diameter in inches, 
is the constant, and F is the feed flow rate of pumps. The 
proportionality constant was primarily found to be a 
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function of included angle of the cone and minor design 

( 6 ) 

variables. Kelsall'" ' observed that in a laboratory- 
equipment on a 3 ' ' cyclone 

(i) the capacity varied as (pressure)^* and 

(ii) decrease in the spigot diameter at constant 
feed pressure had negligible effect on total flo-w through 
cyclone. On the basis of data from operating units in 

(7 ) 

industries Chaston proposed a simple expression relating 
throughput to feed pressure. 

Q = K 2 AVP (2.2) 

where is constant, A is the area of feed inlet in sq. 
inches, and P is the feed pressure in Ib/sq. inch. 

The above expressions have been found suitable 
for estimating the capacity of a cyclone treating pulps of 
low solid content (10-20 percent solids by weight). 
Fahlstrom^ ^ investigated the effect of solid content 
(0-40 percent) of the pulp on the cyclone capacity and 
observed that the capacity increased with increase in pulp 
density and decreased with increase in spigot diameter. 

f Q ) 

Recently, Lynch and Rao reported that 
vortex finder diameter, feed pressure, and solid content 
of the feed could be related to throughput as 

Q = (D^)^*°(P)^*^(P¥)'^*^^5 


(2.3) 
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where is a constant and PW is percent water in feed p 

pulp. 

They also observed that change in spigot 
diameter did not have significant effect on the hydro- 
cyclone capacity. 

An expression for throughput as a function 
of vortex finder diameter, inlet diameter, spigot diameter 
and feed pressure etc. has also been proposed by lynch 
and Rao^^°^ 

Q= 15.65 

(-55 

where (-55 ii) are the particles of size - 55 microns. 

All the above expression are empirical in 
nature. The various constants and exponents involved in 
these expressions have been derived either graphically or 
by regression analysis. 

2 . 2 ¥ater Distribution 

Peachey has observed a linear relation- 
ship between tonnages of water in overflow and feed water 
from the data collected from operating units in industries. 
He found water rate in overflow stream to be dependent only 
on the spigot diameter size and independent of all other 
operating and design variables. Similar observations was 
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(q) 

also made by lynch and Rao and they quantitatively 
expressed this as, 

WOP = Vff - 10 1^. + (2.5) 

where WOP is the water rate in overflow stream in tons/ 

hour, WP is the feed water rate in tons/hoiir, and is 

the spigot diameter in inches, and E is the constant. It 

was pointed out that results of atler.st one classification 

test were required to determine in the above equation. 

( 12 ) 

However, recently Kanungo and Rao generalised the 

above expression as 

WOP = 1.06 WP - 8.74 1^ + 6.02 (2.6) 

However, for small diameter cyclones treating dilute pulps 
expressions of the following form (15? 14, 15) been 

found to be more suitable. 

1-Rf = G^/ l+G^dyi^)^ (2.7) 

where R^ is the flow ratio (underflow rate/feed rate); 

and G^ are constants approximately equal to unity and 
is the vortex finder diameter and x has value between 3 


and 4. 
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2. 3 Efficiency of Hydrocvclone Classifier 


As the feed to the classifier contains 
particles of various sizes, it is not possible to define 
the efficiency of classification by a single number unless 
classification is ideal. The classification in a cyclone 
as in any equipment which depends on relative motion between 
fluid and solids is dependent on probability. It, therefore, 
follows that classification is not sharp and coarse material 
must be accepted with the fine material or fine product 
with the coarse product even if precautions are taken to 
minimise short circuit flow or underflow liquid. The 
actual efficiency of separation mathematically defined as^ ' 



^f(d) ,WS 
ff (d) ^WS 


X 100 


( 2 . 8 ) 


where f(d) denotes frequency distribution by weight and 
¥S is the mass flow rate of solids in the stream denoted by 
the prefix. The actual efficiency for particles of size d 
is graphically represented by the performance curve as 
shown in Pig. 2.1 which relates the weight fraction or 
percentage of each particle size reporting to underflow 
discharge to the particle size preferably measured as 
diameter of spherical particle with same settling rate. 

The classification point can be chosen any where along 



uridarflcwicorrectad*' 


: .d 

• Par' 
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60 
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this cxiars^ with'®'^he choice of position depending oA the 
relative importances of the need for the removal of un- 
desirable fraction or the recovery of the desired fraction. 

Truely speaking the actual efficiency curve 

should pass through the origin but in reality it does not. 

An explanation for this behaviour has been given by 
( 17 ) 

Eels all who suggested that even in the absence of the 
centrifugal forces acting on the particles a fixed percentage 
of particles of all sizes will be discharged through the 
spigot. Therefore, the separation due to centrifugal 
action alone, termed as centrifugal efficiency or 
corrected efficiency, is given by 

E^(d) - 

E (d) = i X 100 (2.9) 

° 100 - R^ 

where E (d) is the gross efficiency or measured or actual 
efficiency, and R^ is the flow ratio, i. e. volinnetric ratio 
of \mderflow to feed flow. 

So the corrected efficiency can be defined as the fraction 
which is separated to the feed material which presents itself 
for classification. 

It is meaningless to q.uote efficiency without 
Reference to size or size distribution. It is - inconvenient 
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to quote a graph. Consequently one point on this graph 

has become a useful reference point for defining the 

performance of a cyclone. This is that particle size 

which gives a centrifugal efficiency of 50 percent; i.e. 

the particles of that size which appear 50 percent in 

underflow as well as 50 percent in overflow. This size 

is known as d^Q and illustrated in Fig. 2.1. Another 

( 18 ) 

term 'size of separation* defined by Dekok' "' has also 
been used for expression of plant results. It approximates 
to "the particle size which exhibits a centrifugal 

efficiency of 95 percent. 

However, the two efficiencies, namely, 
actual and corrected have the draw back that they are 
fully dependent on the operating parameters like vortex 
finder diameter, cyclone diameter, pressure etc. and the 
material to be used. So a new efficiency term known as 
reduced efficiency which does not depend on the design 
parameters and operating conditions has come intp picture. 
It is defined as a measure of the probability of ‘appearance 
of particles in the coarse product due to the centrifugal 
action alone. One major advantage of reduced efficiency 
curve is that a curve determined for a mineral on a small 
cyclone can be used for scale up work. 



Pig, 2.2 shows a reduced efficiency curve 
derived from Fig. 2,1. Here weight percentage corrected 
of solids appearing in underflow is plotted as a function 
of actual size (d) divided by particle size 

(corrected) which reports in equal fraction to both under- 
flow and overflow. An empirical expression for the 
reduced efficiency curve given by Lynch and Rao^^^ is 


Ec(d) 


exp. ( ad/d^ Q^)-l 
exp. (ad/d^Q^ )+exp, (a)~2 


X 100 


( 2 . 10 ) 


The reduced efficiency curve may be considered as the key 
for prediction of cyclone performance and accurate selection 
of cyclone for any given application. 

2.3.1 Estimation of dt-n 
^ 

A number of empirical expressions are 
available in literature to make an estimate for d^Q for 
material as a function of cyclone design parameters and 
operating conditions. Moder and Dahlstrom^^^ ^ found the 
following expression for the design of large cyclones: 



(D^.D, )°*^® 


Q 


p.53 


[l.73/(pg - Px,)]^*^ 


81 


( 2 . 11 ) 



where d^Q is in microns, Pg and 'pj^ are specific 
gravities of solid and liquid respectively. This equation 
was further modified ty Matschke and Dahls trom^^^^ for 
small diameter cyclones (10-40 mm) as 


'50 


87.2 




x0.60 



( 2 . 12 ) 


( ) 

Yoshika and Hotta developed an equation 
using the orbital concept and the equilibri'um cone surface 
defined by the end of vortex finder and the cone apex. 



6.3 z 10^ (D^)‘^*^(D,)°*^(D^)^-® 

CIO 




0.5 

] 


(2.13) 


where D^ is cyclone dia. in meters, D^ and D^ are also 
in mts. , Q is in litres/sec, pg and are in Kg/wP and 
p is fluid viscosity in Kg/msec. 

It should be mentioned here that the d^Q 
defined in above expressions refer to actual d^Q (d^Q 
obtained from actual efficiency curve) and not to corrected 

% 0 ' 

An expression for corrected d^Q has been 

(Q) 

proposed by Lynch and Rao on the basis of experimental 
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data obtained by classification of silica and copper 
are in 20’’ hydrocyclone. 

%0c “ 2.6 " 3.5~ 10.7 “52 ^ (2.14) 

•where is diameter of spigot, WOP is water in overflow 
in tons /hour, and is a constant. 

As it was mentioned in the beginning of 
this chapter, not much information is available in literature 
on the performance characteristics of compound washer 
cyclones. The above review is, therefore, restricted only 
to the performance characteristics of the hydrocyclone 
classifiers. In the present study an attempt has been 
made to verify whether similar equations can be used for 
compound washers and whenever possible to propose new 
equations. 
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CHAPTER 3 

EQUIPMENT AND EXPERIMENTAL PROCEDURE 

5.1 Test Cir cuit t A 3'' washer cyclone was arranged 
in a closed circuit with a sand pump via a cylindrical 
pulp tank. The circuit is shown in Pig, 3.1 and the design 
of the compound water cyclone is sho>m in Pig. 5*2. The 
pulp was driven hy a I /4 H. P. , 1472 r.p.m. motor. Vary- 
pitch- pulley system was used to vary speed of the motor, 
and hence the throughput to the cyclone. An impeller 
placed vertically above the tank was driven by a I /4 H.P. , 
2500 r.p.m. motor, was used to stir the pulp in order to 
ensure satisfactory suspension of solids. Vortex finders 
of diameters 11.10 mm, 12.90 mm and 19.32 mm and spigots 
of diameters 11.54 nmi, 12.10 mm and 12.80 mm were used for 
the experimental runs. 

The details of test circuit are as follows: 

( 1 ) The feed tank was steel fabricated, with a tappered 
bottom, and the inner walls were provided with baffles, made 
of steel plates. The outlet at the bottom of tank was 
connected to the sand pump by a rubber tubing arrangement 
to avoid the formation of any sharp angle in the line 
(which may cause settling of solids in the pulp) and also 
to provide flexibility to clean the line, whenever 





Dimensions in inches 


Basic design of experimentai compound 
watc,r cyclone 3 di'a y 118° included ongie 



necessity arises. (2) The sand pump was connected 
to cyclone feed inlet hy rubber tubing. 

5*2 M aterials used s Three different materials (Calcite, 
coal and silica) were used for the tests and the preparation 
of materials for the test programme was as follows: 

(i) Calcite ; Calcite lumps were crushed in a laboratory 
jaw crusher and then in roll crusher followed by grinding 
in a ball mill so that particles finer than 200 mesh (i.e. 
200 mesh) size could be collected as the final material 

to be used in the tests. 

(ii) Coal : Coal lumps (sp.Gr. 1.45) were crushed in a 

roll crusher and were then ground in a ball mill to frac- 
tions of - 200 mesh size as the material for the tests 
programme. 

(iii) Silica : The silica sand (Sp.Gr. 2.43) was ground 
in a ball mill as before to get material of - 200 mesh 
size for the tests. 

3*3 Experimental Procedure : At the beginning of each 

test the desired vortex finder and spigot orifices cwera ^ . 
inserted into the cyclone. To start with adequate quan- 
tities of water and solids were fed into the feed tank and 
mixed thoroughly to get the desired percentage of solids 
in the feed pulp. The pulp was run through the cyclone 



for sufficient length, of time to ensure thorough dispersion 
of solids. Approximate feed density was measured by 
collecting samples in a calibrated bottle directly from 
the tank and the weight of the bottle was then compared 
with a previously calibrated chart to know the approximate 
specific gravity of the pulp. The pulp of same concen- 
tration were kept ready in another container and then 
poured in the feed tank to maintain flow rate constant 
during the experiment. 

Changes in the feed pulp density was 
brought within required range by addition of either solid 
or water to the system. The system was allowed to run 
for a few minutes to reach equilibrium. 

3«4 Collection of Samples ; The steps followed in the 
collection of samples were as described belows (a) As soon 
as the feed pulp was fed into the cyclone, the excess of 
material prepared in the extra container was poured into 
the feed tank to make the level of pulp constant in the 
feed tank. Then the samples from overflow and underflow 
were collected in separate, previously weighed containers 
for fixed time interval. Each sample ws.s weighed, and 
put back into the tank. The next sample was collected 
and the procedure was continued till the respective overflow 
and underflow masses showed no considerable differences 
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with the previous readings. This was done to ensure 
the attainment of steady state flow in the circuit. The 
final readings were used for flow rate calculations. 

(h) After the steady state was reached, individual samples 
of overflow and underflow were also collected simultaneously 
for a fixed period of time for determining the efficiency 
of cyclone by sizing analysis. 

3.5 Analysis of Samples ; The samples collected were 
weighed, filtered and transfered to the previously weighed 
enamel trays for drying in an oven. The dried samples were 
weighed for density calculations. Then sampling of each 
sample was carried out by Andreasen Pipette Method. 

For sizing analysis by Andreasen Pipette 
Method, the obtained sample was weighed out (5.5 gms for 
a 1 percent or 2 percent suspension by weight) and treated 
for dispersion in a small volume of water. The dispersion 
sample was then washed into the Andreasen Pipette and 
diluted exactly to the 20 cms. height (of the Andreasen 
Pipette). The exact volume to fill the cylinder to this 
point should be known so that the initial concentration 
’00' may be calculated accurately. The apparatus was 
closed and inverted repeatedly with the air vent closed 
by a finger to obtain thorough mixing. The apparatus 
was then placed on a stationary, vibration free table. 
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To start with, the experiment, a sample of 
suspension (10 cc hy volume) was withdrawn after one minute, 
dried under standard conditions and weighed to the nearest 
0.1 mg. At the same time the settling depth (which is 
decreasing after removal of each sample) was also recorded 
with data. Similarly, the readings were taken by with- 
drawing the samples periodically e.g. at 1,2, 5»5»10,15, 30 
minutes. 

The size analysis was carried only for calcite 
and silica and not for coal boeause coal was getting burnt 
during drying. 

These readings could be converted to particle 
size by using the following formula. 


i -i. h. n 

?s ^1^ 


(3.1) 


where is in microns, t is the time at which the sample 
is collected in minutes, h is the depth below the surface 
at which the sample is collected in cms., is the viscosity 
of the medium in poise, and and are the specific 

gravities of the solid and liquid respectively. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Experiments were carried out on three 
different materials, namely, calcite, coal and silica using 
vortex finder and spigot orifices of three different 
diameters each. The three vortex finders used were of 19.32 
mm, 12.9 mm and 11.10 mm and spigot diameters were 12.80 mm, 
12.10 mm and 11.54 mm. The samples of calcite, coal and 
silica were collected 5»7 and 5 seconds, respectively, after the 
steady state was achieved. The pulp densities for calcite, 
coal and silica were kept around 6 percent, 4 percent and 8 
percent solids respectively in all the experiments. The 
collected samples were analysed for determination of flow 
rates of water and solids in overflow and underflow. At 
steady state flow rate of water in feed would be the sum 
of flow rates of water in overflow and underflow. Table 4.1 
presents the analj^-sis of samples for different vortex finder 
and spigot orifices for calcite. To check the reproducibility 
of the data, each experiment was repeated that is why in 
Table 4.1 for a given set of vortex finder and spigot two 
values of flow rates of water and solids in overflow and 
underflow have been reported. Similar results for coal and 
silica are presented in Table 4.2 and 4.3 respectively. _ 



m 


After drying, the overflow and underflow 
samples, calcite and silica samples were weighed and 
subjected to particle size analysis using Andreasen Pipette. 
The data was then used to evaluate actual, and corrected 
efficiencies using eq.uations (2.8) and (2,9) j respectively. 
Table 1.4 to 4.11 present the size analysis and efficiencies 
values for calcite for different sets of vortex finder and 
spigot. Two values in each row correspond to two different 
experiments that were performed for each set of vortex finder 
and spigot. The results for the second experiment are 
indicated by a superscript astorisk( 9 ). Similar results 
for silica are reported in Tables 4.12 to 4.20. As the 
reproducibility of data was found to be quite satisfactory 
for calcite, it was thought unnecessary to repeat all the 
experiments for silica also. Therefore, only a few of them 
were repeated. 

4.1 Throughnut o f Comn ound Wash er 

The effect of vortex finder and spigot 
diameter and material on cyclone throughput, of compound 
washer has been investigated in the present study. An 
equation expressing throughput as a function of vortex 
finder, spigot, pressure, particle size has been proposed 
by Lynch and Rao for cyclone as classifier (Eq. 2.4). for 
the convenience the equation is reproduced below. 
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Q= 15.63 

(-53 (4.1) 

If one expects a similar type of behaviour for throughput 
of compoun(i washer also, equation of following form shoul(3 
be valid. 

Q = K(D^)°3 (4.2) 

where K, C^, G^, and Cg are constants. 

Above equation can be rewritten as 

Log Q = Log K -f- log L^ + log log 

+ Cg log P-0.35 log(-55 n) (4.3) 

If all the variables but vortex finders are kept constant 
a plot of log Q Vg lo^.; should be a straight line with 
slope equal to C^. Figs, 4.1 to 4.3 represent the plots 
of log Q Vg log for three different spigots for calcite, 
coal and silica, respectively. 

Prom these figures it is obvious that within 
the experimental error limits the plots are straight 

lines. The value of exponent was evaluated from the 

slopes of these straight lines and is found to be constant 
within a range (0.671 - 0.685). This implies that the 
exponent 0^ does not depend on size of the vortex finder 
and spigot, and the type of the material. The average 















value of the exponent can be taken as 0,678. Similarly 
if all variables but spigot are kept constant a plot of 
log Q Vg log should be a straight line with slop equal 
to C^. Figs. 4.4 to 4.6 are the plots of log Q log 

for three different vortex finders for calcite, coal 

# ' 

and silica, respectively. Within the experimental error 
limits the»e plots are straight lines and the slopes are 
constant lAdthin the range (0.20 » 0,28) supporting the 
validity of Eq. 2.4. The average value of exponent is 

0. 24. 

Therefore, the throughput of the compound 
washer as a function of vortex finder and the spigot can be 
represented by the following equation 

Q = Kg (4.4) 

where Kg is a constant. 

4. 2 Wate r XUstrib ution 

■«!> 

Water distribution studies were made only for 
two materials, calcite and silica. Water collected in 
overflow and underflow in a fixed interval of time was 
weighed. lynch and Rao proposed a relation between water 
in overflow* water in feed, and spigot diameter which is 
given by Equation (2.5). For convenience the equation 
is reproduced below 
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Prom this equation it is obvious that water in overllow 
should Vary linearly as a function of water in feed for 
a given spigot diameter. To verify the validity of the 
above equation for a compound water cyclone plots of WOP i 

Vs were obtained for different spigots and different 
materials. But they did not exhibit linear behaviour 

I 

expression by Eq. (4.5). The data was plotted in different 

I 

• [ 

forms and it was observed that the following equation matches 

j. 

well with the experimental data. 

WOP = x^ log WP, + Cry (4.6) 

where WOP is water in overflow, W is water in feed and, [ 

Cry is constant. Plots of WOP and log W for calcite and | 

[ 

silica for different spigots are shown in Pigs. ('4.7 and | 

4.8) respectively. The value of the constant x^ was ■ i 

estimated from the slopes of the straight lines in these 
figures. The constant x^ is found to be independant of spigot 
diameter but varieswith materials. Por calcite it was [ 

found to be 21.7 where as for silica it was 54.0 Constant 

I 

Gry depends on spigot diaineter as well a,s on material, Por 
calcite it was found to be 8,7 whereas for silica it was 
26.43, We have not attempted to' find this functional form 
for the lack of data. 
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4.3 Effic iency G urves 

The actual efficiency curves were obtained 
by plotting the weight percentage solids to underflow vs 
size of the particle. Some of these curves for calcite 
and silica are shown in Figs. (4.9 to 4.12). From these 
plots it is found that the nature of the curve is almost 
similar to that found for hydrocyclone classifiers. 

To plot the corrected efficiency curves 
the weight percentage (corrected) solid going to underflow 
was obtained from the actual weight percentage solid going 
to underflow. Mathematically, weight percentage (corrected) 
solid to underflow is given by the equation 

Weight percentage (corrected) solids 
to underflow 

_ Actual weight percentage - lC(from graph) 
of s o li ds going to und erf low 

1 - E^(from graph) 

These values of weight percentages 
(corrected) solids going to underflow are then plotted 
against size to get the corrected efficiency curve. Some 
of the corrected efficiency curves are plotted (Figs. 4.9 to 
4.12). It is found that the nature of the corrected 
efficiency curves ie also similar to such curves for 
hydrocyclone classifiers. 
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Reduced efficiency curves were then obtained 
for cal cite and silica by plotting weight percentage (corrected) 
solids appearing in underflow vs. the size of particles 
divided by d^^^. The data points for both calcite and 
silica seem to fall on the same curve as shown in Pigs. 4, .15. and 4 
Specific gravity of the material does not have any signi- 
j'icant effect on the reduced efficiency curve, 

Sincci the nature of actual, corrected and 
reduced efficiency curves for compound water cyclone are 
found to be similar to that of hydrocyclone classifiers, 
the oETloioricy equations which are valid for hydrocyclone 
clasaiflers can also be applicable to the compound water 
cyclones. 
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TABLE 4.9 

Material-Calc ite 
= 11,1 mm, D = 12,8 
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IziJig Analysis by Andreasen Pipette i-lethod 

Material- Silica 

I = 11.1 mm, IL = 11.54 mm 
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Sizing Analysis by Andreasen Pipette Method 

Material - Silica 
D- — 12,9 mm, I)„ = 11,54 mm 
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Sizing Analysis by Andreas on Pipette Method 
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TABLE 4.15 

Siting Analysis by Andreas en Pipette Method 
Material- Silica 
I = 11.10 mm, D, = 12.1 mm 
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TABLE 4.16 

Sizing Analysis by Andreas en Pipette Method 

Material-Silica 
I = 12.90 mm, I)„ = 12.10 mm 
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SUM1'([ARY AND CONCLUSIOHS 

The main object of the present investigation 
is to study the performance characteristics of laboratory 
size compound water cyclone on the lines similar to those 
for classifier cyclones, with an ultimate objective to 
derive some scale up equations for the design of compound 
water cyclone. 

In the present study, a 5'' compound washer ! 

cyclone was arranged in a closed circuit with a sand ptimp 
via a cylindrical pulp tank. Yortex finders of diameter 
11.10 mm, 12.9 mm, and 19.32 mm and spigots of diameters i 
11.54 mm, 12.1 mm and 12.8 mm were used for the experimental 
runs. Three different materials calcite, coal and silica 
were used for the tests. The pulp of required pulp density-: 
was prepared and fed into the cyclone, then the steady | 
state was attained, the overflow and underflow samples were; 
collected for a fixed period of time. The samples collected 

I 

were analysed by Andreasen Pipette Method for sizing analysi 
The graphs of throughput Ve.vortex finder diameter and I 
throughput vs. spigot diameter were plotted for calcite, coa 
and silica on log-log scales. Within the experimental errc 
limits these curves were straight lines. The throughput ! 
of compound washer as a function of vortex finder and spigc 
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could be represented by the following equation 

Q = Kg (6.1) 

The plots of water distribution (5i.gs.4,7 and 
4. 8) were obtained for calcite and silica and the following 
relationship between water in overflow and water in feed 
was found to be matching well with the experimental data 
WOP = x^logWP + Qrj 

The plots of actual efficiency, corrected efficiency 
and reduced efficiency were obtained and the nature of actual; 
corrected and reduced efficiency curves for compound washer 
cyclone was found to be similar to that of hydrocyclone i 

classifiers. Therefore, the efficiency equations which are j 
valid for hydrocyclone classifiers can also be applicable I 
to the compound washer cyclones. ; 

t 

« ' ■ i 

Conclu s ion s 

From the above discussions following conclusions 
can be drawn; i 


1, Throughput increases with increase in both vortex finder 
and spigot diameters. Following relation seems to be 
valid 

Q = Kg 

2, Water distribution in overflow as well as feed are 
related in the following manner. 
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WOP = log ^ + Oj 

where x^, a constant, is a function of material, and 
constant, Cy, is a function of spigot diameter. 

3) The actual, corrected and reduced efficiency curves 
are found of more or less same nature as for the 
hydrocyclone classifiers. 
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APPENDIX 

Andr eas on. P ipette 

Andreasen pipette consists of a graduated 
cylindrical flask and a pipette coaanected to a 10 cc 
reservoir by means of a three way stop cock. The ground 
glass stopper has a small opening permitting influx of air 
into the sedimentation flask when samples are withdrawn. The 
tip of the pipette is at the zero mark, when the ground 
glass stopper is properly seated. 

With this method, samples of suspension ; 

are removed from a given level at different times after i 

the sedimentation has started, and the concentration of the : 
dispersed material in them is determined by evaporation and : 
weighing. ! 

Partic le Size de t erminati on | 

If 0^ is the concentration of the dispersed 
material and is the concentration at time t, then i 

is the fraction of original quant ity of material having j 

a particle size smaller than the size corresponding to a 
falling velocity h/t, since all larger sizes will have { 

fallen below the tip while concentration of smaller sizes j 
arc unaltered. The equivalent diameter of this size range ; 
is expressed In microns, as [ 
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r hn 1 

— ^ 

where is in microns, t is the time at which the 
sample is collected in minutes, h. .is the depth helow the 
surface at which the sample is collected in cms, p is the 

are the ■ 

specific gravities of the solid and liquid respectively, 

A- 2 E xpe rimental Er rors 

The sources of error in size measurement 
using Andreasen Pipette are summarised belows j 

(i) losses of material during handling (drying, weighing 
etc. ) of samples. 

(ii) inaccurate meas'urement of time for which the samples ; 
of the overflow and underflow streams were collected. 

These errors contribute to the mass flow rates | 

of solids and water. 

The main source of error in size distribution, 
apart from sampling is the inherent error of Andreasen 
Pipette method. This is that while the pipette is being 
filled, the tip itself causes a flow of particles from 
above and below the level, which it is supposed to sample, i 
with a result that the withdrawn sample will contain not 
only the particles which lie above that level, but also 
particles which are supposed to have settled out of suspension. 


viscosity of the medium in poise and Pg and f 
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■A.- 5 Sampl e Oal cul ation 

From each set of experimental results it was 
possible to calculate the distribution of water and solid 
in cyclone feed and products. This is elucidated below 
with the results from Table 4.5 


Measured quant i ties 

a) Wt.of container(A) and overflow sample collected 
in time (OFT = 5 sec. ) = ¥0F1 = 684.5 gms 

b) ¥t. of dry container (A) = ¥C0¥A = 277.0 gms 

c) V/t. of container (B) and underflow sample collected in 
time (OFT = 5 sec.) = ¥1371 = 399.0 gms 

d) ¥t. of dry container (B) ¥C0NB = 284.0 gms 

e) ¥t. of dried overflow solid = OSOll = 16. 5 gms 

f) ¥t. of dried underflow solid USOLl = 21.0 gms 
From this following items can be calculated as 

i) Mass flow rate of overflow pulp(lbs/min) = ¥0F = 

= 10.7804 IbsMn. 

ii) Mass flow rate of underflow pulp (lbs/min)= ¥1IP = 


=3.0423 Ibs/mln. 


iii) Mass flow rate of solid in 0/F = (OSOL) - 


030L 1 X 60.0 
OFT X 453.6 


0.4365 Ibs/min. 
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iv) Mass flow rate of solid in U/P = USOl 


USO Ll X 60.0 _ . .... -,v / • 
UPT X~453,6~ 0.5556 lls/niin. 


v) Mass flow rate of water in 0/F = 0¥AT = 

WOP - OSOl =10.3439 lls/min. 

Vi) Mass flow rate of water in U/P = MAT-USOl 2.4868 Ibs/min. 

vii) Mass flow rate of solid in feed = PSOl = OSOl + USOL 

= 0.992 lbs /min. 

viii) Mass flow rate of water in feed = P¥AT = OWAT + UWAT 

= 12.830? Ibs/min. 

ix) Mass flow rate of feed pulp = WP = WOP + WOP 13.822? 

= 13.822? Ibs/min. 

x) Mass flow rate of feed pulp = 


ISQl 

( PWAT + 2.?~ ) X 60.x 453.6 
1000,0 X 4.5 


= ?9.822 Ibs/min. 


Oalculation f or actual, and correct ed e fficiencies 
Weight solids of size (48.36 p) going to underflow (U/P) 
A = 

Weight solids of size (48.36 p) going to overflow (O/P ) 


0 ^0 ^ 09- , X 100 = 0.6201 

5,5 X 3?. 5 


B 


%^x "37^5^ X 100 = 0,4335 


Therefore Peed ■('■ 48 . 3611 ) = P = A+B = 1.0536. 
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Actual Efficiency = E (48.36) = 

Si 


weight s olids (48. 3 6 ii) g oing to underflcwV j^QQ 
Peed (48.36 [j.) 

0.6201 


1.0536 

58.85 


X 100 




Weight of wa ter in u nder flow y 
Weight of water in feed 


19.4 


Corrected efficiency = 


E^(48.36ti) 


E (48.36)~R. 

3 . 




X 100 


100-R^ 


.5S,8.5.,..-„.12,._4_ X 100 

100 - 19.4 


= 48.95. 


